Abstract-Compatibility of mechatronic devices with the MR environment has been a very challenging engineering task. After over a decade of developments, we report the successful translation to clinical trials of our MR safe robot technology. MrBot is a six degree of freedom, pneumatically actuated robot for transperineal prostate percutaneous access, built exclusively of electrically nonconductive and nonmagnetic materials. Its extensive preclinical tests have been previously reported. Here, we present the latest technology developments, an overview of the regulatory protocols, and technically related results of the clinical trial. The Food and Drug Administration (FDA) has approved the MrBot for the biopsy trial, which was successfully performed in five patients. With no trajectory corrections and no unsuccessful attempts to target a site, the robot achieved an MRI-based needle targeting accuracy of 2.55 mm. To the best of our knowledge, this is the first robot approved by the FDA for the MR environment. The results confirm that it is possible to perform safe and accurate robotic manipulation in the MRI scanner, and the development of MR safe robots is no longer a daunting technical challenge.
I. INTRODUCTION
N EEDLE biopsy is a regularly performed procedure required to diagnose prostate cancer (PCa). The most common method is transrectal ultrasound (TRUS) guided. Yet, standard gray-scale ultrasound is unreliable in differentiating PCa from normal gland tissues; therefore, needle guidance is usually performed without direct visualization of the cancer [1] . The biopsy relies instead on untargeted uniformly distributed schemata. These often lead to the detection of clinically insignificant tumors (overdiagnosis) and/or miss significant cancers (i.e., >0.5 mL) (underdiagnosis) [2] , [3] . An emerging potential solution is to use an imaging modality that may depict cancer suspicious regions (CSR) to target the biopsy, such as magnetic resonance imaging (MRI) [4] . Although MRI methods still have shortcomings, they could point to abnormalities that should be biopsied [5] .
Guiding the biopsy based on MRI can be accomplished with indirect or direct guidance methods [6] both having potential advantages. With indirect methods, the MRI is acquired prior to biopsy, and the MRI is subsequently registered (fused) to the interventional TRUS imaging to hint the CSR locations to biopsy (MRI-TRUS Fusion [7] ). Direct MRI guidance uses the MRI alone to define the CSR and guide the biopsy. This circumvents targeting errors related to the registration and temporal differences. Fusion biopsy, however, is a nondisruptive advance over the standard TRUS technique, is logistically simpler than the direct method, and clinical studies have already shown approximately 30% increase in the detection of high-risk cancers than untargeted methods [8] , [9] . However, targeting accuracy relative to MRI is unknown, and it remains questionable if this method is sufficiently accurate.
On the other side, the direct methods are potentially more accurate in terms of CSR targeting but only few procedures have been performed in men, because special devices are needed to help the physician perform the biopsy in the MR environment [10] , [11] .
Devices for the MR have been initially classified as MRI compatible or incompatible as early as 1993 [12] . While the name stuck, there was no formal definition and the classification was insufficiently descriptive [13] , [14] . Instead, standards such as the American Society for Testing and Materials (ASTM) classify (ASTM F2503) devices for the MR environment (see Table I ), and set a series of tests that these should meet (ASTM F2052, F2213, F2182, F2119). Most importantly, for clinical use in the United States (U.S.) compliance to these standards is mandated by the Food and Drug Administration (FDA).
The standard points out rationally that devices made exclusively of nonconductive, nonmetallic, and nonmagnetic materials pose no known hazards in the MR environment. The standard also sets the regulatory basis for the determination of MRI safety based on this underlying scientific rationale.
Since testing a device in all MR environments is unfeasible, the standard practically excludes devices that use electricity from the MR Safe category. Several research teams have demonstrated that electrical devices (MR conditional) can be safely used in the MRI [15] , [16] . Since one would not have to use a device in all MR environments, proper tests in the MR equipment of choice could make the MR conditional device a useful clinical instrument for the specific procedure. Nevertheless, devices that meet the MR safe standard require less testing for a wider application range. Therefore, the preferential choice when developing a device for the MR is MR safe, because this facilitates clinical translation under the regulatory protocols and a broader dissemination. The development of devices that may operate accurately and safely in the MR environment without interfering with the functionality of the imager has been a very challenging engineering task [17] . As such, initial devices developed for direct MRIguided procedures were manually operated [18] - [20] . These have the merit of bringing the procedure first to clinical trials. Following research pursued the development of remotely controlled and robotic devices to facilitate the procedure. These required additional developments related to sensing and actuation, since most of the components traditionally used in robotics are MR unsafe (e.g., electromagnetic motors).
Technical developments of over a decade of research in the field have enabled building several MR Conditional [15] , [21] - [26] and MR safe robots [14] , [27] - [32] . Yet few have reached the clinical trial stage [33] .
Perhaps the first robot to guide a needle in a prostate gland under direct MRI guidance has been reported in 2010 by the University of Utrecht, The Netherlands [34] . The robot is a five degrees-of-freedom (DoF) needle-guide device actuated pneumatically. The ASTM 2503 classification was not given, but due to the metallic components used is probably MR conditional. The robot was used in a 1.5-T scanner to transperineally implant several golden seeds in one patient and the procedure was successful.
The following year, also in The Netherlands, the Nijmegen Medical Centre reported the first direct MRI-guided prostate biopsy [35] . Ten patients underwent transrectal biopsy procedures in a 3.0-T scanner. A remote controlled 5-DoF system using pneumatic turbines but reportedly no position encoders was used. The ASTM classification of the device was not given, but the system could have been MR safe. The procedures were successful and PCa was sampled at biopsy in several patients.
Also reported in 2011 was a series of 20 patients who underwent direct MRI-guided prostate biopsy in Frankfurt, Germany [36] with the Innomedic (Herxheim, Germany) robot, company which unfortunately is no longer active. This has been a marvel of German engineering with very ingenious pneumatic actuators, perhaps MR Safe [27] . A limitation of the clinical study was derived from the robot, which could only operate the needle about the anterior-posterior direction, so that the biopsy had to be performed on the unusual deeper transgluteal path. All cases were safe, and the procedures were successful in accurately sampling the prostate in 19 patients.
Most recently, in 2014, the Harvard Medical School, Boston, MA, USA, reported a study on 30 patients with a 2-DoF robotic motorized needle-guide template for transperineal prostate biopsy in a 3.0-T scanner [37] . The ASTM standard was not used [26] , but the robot uses piezoelectric actuation probably classifying as MR conditional. Procedures were successful, without severe adverse events, and tissue samples from targeted lesions were collected in all cases. Workflow times were well detailed as well as a comparison of the manual and robotic approaches [38] .
With respect to the regulatory protocols for clinical trials, all four devices described above have been cleared by the medical research ethics committees of the respective institutions. The Innomedic was commercially available and was marked MR compatible in the European Community. In all the cases, there were no FDA or other superseding administration approvals.
Overall, several MR conditional and MR safe devices tested preclinically have now demonstrated that robotic operation in the MR environment is possible [14] , [15] , [21] - [25] , [27] - [32] . Few devices that reached clinical trial stages showed that direct MRI-guided procedures are feasible [20] , [34] , [35] , [37] , within certain limitations.
In this study, we use a robot structure (MrBot [30] ) that was developed based on our MR safe pneumatic step motor (PneuStep) and optical encoding technologies [29] and extensively tested preclinically [31] , [32] , [39] . The MrBot was initially built for seed brachytherapy, as a showcase of the technology that can operate fully automatically with no human intervention in the MRI scanner. Preclinically this was very successful, but brachytherapy and full robotic operation were not enablers for immediate clinical translation. Therefore, we opted for a biopsy procedure and scaled down the system to manual needle insertion.
Here, we present how the MrBot was adapted for biopsy, a novel way of setting the depth of a needle insertion, image-to-robot registration, an overview of the regulatory protocols, and a summary of the safety and feasibility clinical trial.
Relative to previous robotics research for the MR environment, this study presents additional technology and control safety features, ASTM 2503 device classifications, and communicates our experience with the clinical translation.
II. MATERIALS AND METHODS

A. System
The biopsy device is a 5-DoF robotically driven needle-guide and a 1-DoF depth of a needle insertion limiter. The system consists of the robot, its controller, and a laptop for image registration and navigation, as shown in Fig. 1 . The robot goes in the MR scanner room (ACR Zone IV, [40] , [41] ) and mounts on the MRI table.
A bundle of hoses including pneumatic circuits and optic fibers connect the robot to its controller located outside the MRI room (ACR Zone III). The hoses are passed through a standard access waveguide and attach to the robot with a custom-built optic and pneumatic connector. A registration marker is built within the base of the needle-guide. MRI images are acquired and passed in digital imaging and communications in medicine (DICOM) format to the laptop over the network.
Images showing the registration marker are used for robotto-image registration. Target biopsy locations are selected in the MRI, and the points are mapped to robot-space coordinates based on the registration. The robot controller further maps the robot-space-to-joint-space coordinates using the inverse kinematics of the robot and controls the actuators in a closed-loop position feedback. This aligns the needle-guide on target for biopsy, locks the location of the needle-guide (nonback-drivable actuators), and sets the position of the depth limiter. The needle is then inserted manually through the guide, up to the limiter. The biopsy is sampled manually, as usual.
B. Robot
The robot presents the 5-DoF parallel-link structure of the original MrBot robot [30] in which the brachytherapy needledriver [39] was replaced with a newly developed 1-DoF needledriver for biopsy reported herein. The biopsy needle-driver is an assembly comprising the needle-guide and the depth limiter. The robot and the new needle-driver are presented in Fig. 2 .
The robot was designed, analyzed, and manufactured with the Creo (PTC, Inc., Needham, MA, USA) software. The 5-DoF The needle-driver and its schematic are presented in Fig. 2 (b) and (c). The needle-guide is attached to the base of the driver (the platform driven by the 5-DoF parallel link). A slider block with a stopper/limiter surface is positioned by a sixth PneuStep motor through a screw driver (rotary screw, sliding nut). The needle is passed through the needle-guide until the needle handle touches the stopper, thus limiting the depth of insertion as needed to reach the target based on the images.
The entire robot is covered with a sterile bag (Universal Medical EZ-3030) so that the only component that has to be sterilized is the needle-guide (guide and its two screws). The placement of the bag over the driver is illustrated in Fig. 2 (c), which shows how the components were designed so that the needle-guide attaches over the bag with the two screws and the needle handle touches the limiter through the bag. The robot is electricity-free, uses air pressure for actuation, light for the position sensors, and is entirely made of nonconductive, nonmetallic, and nonmagnetic materials. These are: ABS/PVC Vinyl, Acetal Copolymer, Delrin Acrylic, Epoxy S5H13, Garolite (G-11, LE), Glass, High-Alumina Ceramic, Nylon (6, fabric), Peek 1000, Polycarbonate, Polyetherimide (Ultem 1000), Polyimide, Polysulfone, Polyethersulfone (Radel), Polyurethane, PTFE (Teflon), Sapphire, Silicone Rubber (Vulcanized, RTV), and Torlon Polyamide-imide Thermoplastic. Their electrical resistivity ranges between 2.0 × 10 5 and 10 17 [Ωm] and dielectric strength between 3 and 40 [kV/mm]. Moreover, at the request of the FDA, the needle-guide which comes in direct contact with the patient and its two screws were built of certified biocompatible material (ISO-10993), Radel BL033, and Radel GN086 (GN4-232-1) rods.
Two types of needles were used in this study, both manufactured by Invivo, Pewaukee, WI, USA: 9896-032-02861 (11528), 18Gax150-mm Semiautomatic Biopsy Gun and 9896-032-05281, 18Gax175-mm Fully Automatic Biopsy Gun [shown in Fig. 2(b) ]. Accordingly, different limiters for the needle-driver were used to accommodate their different handles.
C. Robot Controller
The controller includes a PC running Microsoft Windows 7, a motion control card, electropneumatic and electrooptical interfaces, and several safety components (see Fig. 3 ). The motion control card (MCC, MC-8000, PMDI, BC, Canada) presents a digital signal processor that is responsible for axis-level coordinated motion control in real time.
The electrooptical interface converts optical quadrature encoded signals from the PneuStep motors to typical electric signals for the MCC [29] . These are implemented with D10 expert fiber optic sensors (Banner Engineering Corp., Minneapolis, MN, USA). Position feedback signals are used for a closed-loop stepper control of each PneuStep axis. Each linear actuator axis is also equipped with a limit switch, also implemented with fiber optic sensors. These are used to home the incremental encoders of the motors. In Fig. 2(a) , the robot is shown at its home position, chosen at a central (square) position of the parallel links.
The electropneumatic interface includes a driver for the PneuStep motor [29] and pneumatic valves. The driver converts standard step and direction electric signals of the MCC to three electric signals that sequentially actuate three pneumatic direct acting solenoid valves (NVKF334V-5D by SMC Corp., Indianapolis, IN, USA). In turn, these generate pneumatic commutation waves that power the PneuStep motor.
Safety components include a watchdog, emergency stop buttons, and visual alerts, as shown in the block diagram of the robot controller (see Fig. 3 ). This system design has been developed according to a Risk Hazard Analysis (RHA) discussed later in this paper. The watchdog includes software and hardware components. The hardware component is used to mitigate software errors that are possibly indeterministic. The software watchdog checks the state of several components of the system, disabling power to the pneumatic valves, should a faulty condition occur. It runs on a separate (time critical) thread and signals its continuous operation to the hardware watchdog, which suspends power after 0.1 s of a software watchdog inactivity.
Visual signs are used to signal the operation state of the robot. Two emergency stop buttons disable the system and suspend the pneumatic pressure through a circuit that is separate from the watchdog. One is located in the MRI control room and the other on the MRI table next to the patient, so that one is always in close reach when an emergency situation occur.
The motion control software includes axis-level motion control and robot kinematics software built in Visual C++ (Microsoft Corp, Redmond, WA, USA). Axis-level control is implemented on the MCC and developed based on libraries of the MCC (MCI-SoftLib, PMDI). Robot kinematics has been derived based on link parameters resulting from the computeraided design of the robot.
D. Image Registration and Navigation
A high-contrast MRI marker system for registration (tubes filled with Radiance MRI Imaging Liquid, Beekley, Bristol, CT, USA) and an MRI coil (using MEDRAD BPX-30, Warrendale, PA, USA) are attached to the needle-driver base. MRI of the marker was obtained with a three-dimensional (3-D) gradient recalled echo (GRE) T1-weighted sequence (Marker Scan) with the following parameters: TR/TE = 8.85/1.86 ms, flip angle 14.8, slice thickness 1.2 mm, interslice gap 0, matrix 320 × 320, FOV 38 × 38 cm; No. of averages: 1.
The imaging software was implemented on the laptop based on the Amira Visualization application (Visage Imaging, Inc., San Diego, CA, USA) with custom C++ modules. DICOM images were acquired over the network.
Image-to-robot registration was performed based on the image-to-model registration method. For this, the marker model is aligned with its corresponding marker image so that the two are superimposed, as shown in Fig. 4 . By superimposing the two markers, their spaces are registered one to another. As such, points selected in the MRI may be mapped to the robot coordinate system (CSys). The registration marker consists of five geometric features (see Fig. 4 ): three line markers (M 1 , M 2 , M 3 ), an ellipse (E), and a small arc (not shown, next to the needle-guide). Explicitly, the image-to-model registration is performed using a custom method that performs the alignment preferentially along principal directions of the marker system, as follows.
1) Segment the images of line markers M 1 , M 2 , and the ellipse (E) by selecting a point on the MRI that belongs to each marker, and use a region growing algorithm (with properly selected threshold level) to determine all voxels that belong to each marker. 
and then point P at their middle. 6) The center O of the robot CSys is then located at a constant distance from P along the Z-axis by design. With the directions from steps 2 and 3 above, this fully defines the location and orientation of the robot CSys relative to the image, therefore the homogeneous registration P ) ) is converted to a target point in robot coordinates ( R P = R I T I P ). The direction of the needle is defined by the location of the skin entry point (on the needle-guide) and the selected target point.
The depth of the needle insertion is also calculated based on the images and referenced in the robot CSys. The desired depth of needle insertion is calculated by referencing the depth of the needle to the center of the biopsy core slot. The depth is also offset with the forward-fire distance of the needle. With these, the target biopsy point selected in MRI corresponds to the center of the biopsy sample. As such, the limiter sets the depth of insertion short of the target, and the target is reached only after firing the needle as usual.
As often is the case with parallel link robots, the inverse kinematics is trivial and has an analytic form; the direct kinematics is numerically evaluated. Robot space coordinates are passed to the robot controller, which calculates all the six joint coordinates based on the inverse kinematics. It then orients the trajectory on target and presets the location of the needle depth limiter.
E. Clinical Protocol Summary
A pilot study of five men with elevated prostate specific antigen, prior negative prostate biopsy, and CSR on MRI was conducted to assess the safety and feasibility of direct MRI-guided prostate biopsy with the MrBot robot. The robot and the imageguidance software should be portable between MRI scanner models, even though the best sequences to image the registration markers may have to be tested and custom table adapters may be required. A Siemens TRIO 3-T (Tesla) scanner was used with the Siemens TIM body matrix coil, spinal coil, and an optional eCoil (Medrad, Warrendale, PA, USA).
The robot was placed in the MRI room, connected to the controller, initialized, homed, covered with the sterile bag, and a sterilized needle-guide was mounted. The biopsy needle, a spare, and all other biopsy supplies were prepared.
The patient was placed under general anesthesia, prepared, draped, and a small perineal incision (∼1 cm) was made to facilitate the insertion of the needle and reduce needle and soft-tissue deflections. The robot was placed on the MRI table beside the patient positioned in left lateral decubitus position. The height of the robot over the table was adjusted so that the needle-guide nozzle matched the height of the incision. The robot was manually positioned on the table so that the needle-guide was placed at the skin incision and intuitively oriented to point toward the prostate (with robot at home). The suction cups were engaged to lock the robot in place. The patient was further padded and secured, and clearance within the bore was tested.
The image-to-robot registration was processed, as described above, based on the 3-D T1 GRE sequence (Marker Scan). MRI of the pelvis, perineal structures, and the robot at a large field of view was performed in a sagittal plane with T2-weighted fast spin-echo images: TR/TE = 3170/80 ms, slice thickness 4 mm, interslice gap 0-1 mm, matrix 384 × 288, FOV 40 × 40 cm, frequency direction anteroposterior, number of excitations = 2, and "distortion correction" parameter ON. The purpose of this scan was to assure adequate alignment of the robot in reference to the prostate. Subsequently, a smaller field of view axial pelvic MRI with a T2-weighted fast spin-echo technique was acquired: TR/TE = 5850/95 ms, slice thickness 4 mm, interslice gap 0-1 mm, matrix 320 × 320, FOV 32 × 32 cm, frequency direction anteroposterior, number of excitations = 2, and "distortion correction" parameter ON. This sequence was used to identify CSRs in the prostate. If visible, CSRs were selected in MRI in addition to other sextant locations for targeting during the biopsy procedure. No multiparametric MRI or other PCa imaging methods were used at the time of biopsy due to the study's safety and feasibility nature (a study limitation).
To measure the actual targeting errors, needle localization within the gland after firing the biopsy was acquired with a 2-D GRE true-FISP sequence, TR/TE 4.66/2.33, flip angle 49, slice thickness 4 mm, number of excitations = 1-2, matrix 320 × 320, and FOV 30 × 30 cm.
The skin entry point was slightly shifted laterally to the right or the left side (approximately ±1 cm, up or down relative to the table) corresponding to the side of the prostate being targeted. This was possible through the same small skin incision (∼1 cm) given the flexibility of the perineal skin. During the small-size clinical trial, we found no limitation in this regard or the prostate size.
For each target, the robot automatically oriented the needleguide and preset the depth of insertion. Transperineal biopsies were performed by manually inserting the needle through the guide up to the depth of the limiter. Two samples were taken, and after the second, the needle was left in place to acquire MRI for location confirmation. The needle was removed before moving to the next biopsy location.
Anonymized images were acquired for the study, and several case report forms were filed before (patient screening, inclusion/exclusion criteria forms), during (procedure parameters form), and after (urologist, radiologist, and pathology report forms) the procedure, at the request of the FDA. The outcome variables of the study include assessment measures of the robotic device, such as the number of unsuccessful attempts to target a site, the time for the device setup on the MRI table, for image registration, to define biopsy locations, to align the needle guide on target, the total time to biopsy one site (including target verification imaging, excluding initial imaging), grades for the operation of the device [1-5, 1 excellent], for image deterioration [1-5, 1 unperceivable], number of trajectory corrections required to target a site, and targeting error measurements.
The needle direction was set to point directly to the target selected in the image, considering that the trajectory of needle insertion will be a straight line. After insertion and firing the biopsy needle, images were acquired with the true-FISP sequence described above. Targeting errors were measured offline in the MRI as a vector distance between the actual imaged location of the fired needle (at the center of the biopsy slot) and the desired target point. Precision and accuracy results were calculated as usual based on the standard deviation, respectively, the mean of the respective errors.
F. Overview of the Regulatory Process
An investigational device is a medical device which is the subject of a clinical study designed to evaluate the effectiveness and/or safety of the device. In the US, medical research ethics committees, commonly termed Institutional Review Boards (IRB), have the discretion of approving investigational device studies that they deem to be nonsignificant risk (NSR) (21 CFR 812 [42] ). In this case, there is no requirement to report to the FDA. This is perhaps the mechanism that allowed other devices to be clinically studied in the US based on IRB approvals alone. However, proceeding with an NSR study is at risk, because the FDA can later disagree on the NSR determination. For this, some institutions (including ours) seek the advice of the FDA voluntarily regarding NSR determinations.
An investigational device exemption (IDE) is an FDA approval that allows undertaking clinical investigations of a medical device in order to collect safety and effectiveness data. While NSR studies may proceed without FDA approval, significant risk (SR) studies are required to submit an IDE application and receive approval prior to commence the clinical study. In industry, the IDE is typically used to support a premarket approval application or a premarket notification [510(k)] submission to the FDA. In academic research, the IDE is required under the law to conduct the SR clinical study and in turn by the IRB.
The determination of the NSR versus SR status is, therefore, critical and bifurcates the regulatory protocols to follow. The determination is regulated by 21 CFR 812.3 m [42] . To determine if a device is SR, the law sets four tests of which three are logically null, so the definition is logically equivalent to: "SR device means an investigational device that presents a potential for serious risk (sR) to the health, safety, or welfare of a subject." The other parts of the definition (implants, life supporting/sustaining devices, or of substantial importance in diagnosing, curing, mitigating, or treating disease) are probably showing what the framers of this regulation thought were likely to be regarded as SR devices. Determining the potential for sR is done through a RHA, described below.
The first development in the regulatory process is the clinical protocol, because this plays a role in several other components. This is mainly the job of the clinical part of the team with help from the engineers related to the investigational device. A pivotal component and second development step is the RHA. This is conducted for the investigational device to use in the specific clinical procedure as described in the clinical protocol. The development of the RHA is mainly the responsibility of the engineering part of the team with help from the clinicians, related to injuries and severities associated with possible hazards.
The FDA has no formal requirements on the RHA. We used the failure mode, effects and criticality analysis (FMECA). The likelihood of the hazard occurring was scored against the severity of the hazard to indicate the risk of the occurring hazard according to ISO 14971 and the Association for the Advancement of Medical Instrumentation. These were derived based on the formal definition of injury (21 CFR 803.3), on point scales to quantify the severity and likelihood of a hazard, hazard observability, device performance, methods of control, and hazard mitigation. When applied to a hazard event, the method classifies it according to 21 CFR 812.3(m) as impacting/not impacting a sR to the health, safety, or welfare of the subject (sR).
The FMECA was applied in top-down as well as bottomup analyses. The top-down analysis defines all functions of the device, for each identifies all potential failure modes, and for each runs the sR determination described above. The bottom-up analysis lists all foreseeable causes and combinations of hazard causes, for each determines all foreseeable failure modes, and for each determines the corresponding effects/hazards and runs the sR determination. The collection of the sR results of all hazard events determines the overall SR status of the investigational device. If at least one result is sR, the device is SR.
Besides its decisive role in the regulatory process, we found the RHA to be a valuable development tool, because it pinpoints safety problems, links device failures to risks, and provides a mechanism to mitigate the risks by hardware and software design, alarms, user training, and even patient inclusion-exclusion criteria.
The IDE application was developed and formatted according to 21CFR812.20-38 regulations and FDA recommendations [43] . The report of previous investigations was based on our massive preclinical data with the MrBot [17] , [29] - [32] , [39] . Additional data detailed the changes made for the biopsy application, MR safe tests, and classification according to ASTM F2503-13, needle-guide sterilization parameters and ISO-10993 material certifications, and software documentation.
The software documentation followed the guidance for the content of premarket submissions for software contained in medical devices [44] and the off-the-shelf software use in medical devices [45] . The software documentation of the IDE application depends on the device's level of concern, being major, moderate, or minor. The instructions provide a clear methodology to estimate the severity of injury that the device could inflict on a patient or operator as a result of device failures. The RHA is a component of this determination as well. The analysis for the MrBot in the direct MRI-guided biopsy procedure the level of concern was determined to be moderate and software documentation was filled accordingly.
III. RESULTS
A. Image-to-Robot Registration
Seven registration experiments were conducted to measure the angular and offset registration errors. Precision and accuracy results were calculated as usual based on the standard deviation respectively the mean of the errors. The results are presented in Table II .
The know-how derived in the experiments is as follows. 1) Long registration markers (>approximately 5 cm) of tubular cross section (approximately 4 mm inner diameter), filled with Beekley MRI contrast, and oriented quasi-normal to the image slices make good registration markers. 2) Using a T2-weighted sequence to image the registration marker may cause registration errors, being susceptible to image shift geometric artifacts related to the MR frequency encoding direction. 3) Registering on the 3-D T1-weighted images of the marker and targeting on T2-weighted images of the tissues are appropriate; in addition to other parameters, we found out that the frequency-encoding direction should be the same on both sequences (anteroposterior in our case). 4) When using T2-weighted images, enabling the "distortion correction" parameter helps correcting geometric shift.
B. FDA Approval
The device development and clinical study were performed entirely at our academic institution, with no industry involvement. As such, we exercised the roles of sponsor (typically the manufacturer of the device) and investigators (typically physicians at a hospital).
A pre-IDE application was first filed to seek the advice of the FDA regarding the SR determination. The FDA has determined that our proposed clinical investigation presents a SR, in accordance with the definition for a SR device in 21 CFR 812.3 (m) of the IDE regulation. Therefore, we have been required to submit an IDE application and receive both FDA and IRB approval before initiating the study.
The IDE application G120104 was filed on April 20, 2012. This was followed by additional questions from the FDA and a notice of disapproval detailing a list of deficiencies. An amended application was filed with the revisions and additional data requested. This has been subsequently approved on August 9, 2012. The robot device was labeled MR safe according to ASTM F2503. The Johns Hopkins Hospital IRB approved the clinical protocol subsequently.
C. Safety and Feasibility Clinical Trial
Five men underwent direct MRI-guided transperineal prostate biopsy assisted by the MrBot device. A photograph of the robot next to the patient in the left lateral decubitus position in the MRI scanner is presented in Fig. 5 .
The optional eCoil was used on the first patient only. The first case was performed with the semiautomatic biopsy needle. Six biopsy sites were targeted and three trajectory corrections were necessary. The accuracy and precision were 14.78 and 3.82 mm, respectively. Needle deflection from a straight path was pronounced. The urologists observed that this needle may not have been as sharp as usual. For the following cases, the needle was changed to the fully automatic type. Moreover, near the midpoint of the insertion stroke, the needle was rotated 180°about its axis to compensate for lateral deflections due to the beveled point [46] .
A table-mount adapter with a flat top surface was also made to facilitate the positioning of the robot on the table, and an additional structural support bar was placed on the needle-driver (with FDA five-day notice approval). In these four cases, the accuracy and precision of targeting over 30 biopsy sites is presented in Table III , in 3-D as well as in the plane normal to the needle (XY plane in Fig. 4) .
The outcomes related to the functionality of the device are listed in Table IV . In case 3, the MRI scanner shut down at the beginning of the procedure. The cause is unknown, but it is possible to be related to a vacuum pump located in the MRI equipment room that operated the mounting suction cups of the robot. To eliminate this possibility, the hospital vacuum system was used instead thereafter. The scanner also lost images from the study in a case, for an unknown cause. Since this was at the end of the case, only the last three verification images were lost/unreliable.
No adverse events were noted, and all patients tolerated the procedure well. The total time of the procedure, including patient preparation, anesthesia, MRI imaging, and patient wake up, averaged 208 min with a decreasing trend. Even though this was not a study designed to detect PCa and no special PCa imaging were used interventionally, biopsies confirmed the presence of clinically significant cancer in two of the five patients.
IV. DISCUSSION AND CONCLUSION
This paper reports the successful translation to clinical trials of an MR safe robot technology that was in the works for over a decade. This was long delayed by the rigorous regulatory protocols that our institution imposes, but overall we believe that the time and efforts were well invested. To the best of our knowledge, this is the first robot approved by the FDA for the MR environment. Following all rigors of the process provides proper technology support documentation for applications to follow. The IDE has also been a very instructive experience for our academic research group. We also believe that parts of the regulatory process are essential design tools for medical devices.
An important feature of our device is that it is MR safe based on a scientifically based rationale of having an electrically nonconductive, nonmetallic, and nonmagnetic composition. Few such robots have been built [27] , [28] , while most of the others use piezoelectric actuation (include electrically conductive, metallic components). Several other researchers have implemented pneumatic actuation, but fell slightly short of the MR safe classification by using few metallic components [47] , [48] .
We would like to underscore that excluding conductive components from MRI devices is essential for the clinical translation, at least in the U.S. The FDA requires the ASTM F2503 testing, and this uses practically exclusively the scientifically based rationale. The path to clinical translation is, therefore, easier with an MR safe robot. Coping with technical challenges related to MRI distortion that electrical actuation entails, and in addition being in a more restrictive class of testing because of the MR conditional classification is unhelpful.
This study demonstrates that accurate direct MRI-guided needle targeting is possible. In this human trial, the robot was capable of 2.97-mm 3-D accuracy and 2.55 mm in the plane normal to the needle. For PCa, the required accuracy is probably <5 mm, since a clinical significant tumor (0.5 cm 3 ) has a 5 mm radius if spherical, but staying within the 5 mm radius is difficult. Targeting errors include numerous components which are often cumulative: image geometry errors, registration errors, robot position errors, robot structural deformations under load, and never the less needle deflections. An error component analysis and trying to minimize/mitigate each of the individual components is helpful.
In our case, the preliminary and current results that enabled the needle to reach the target within 5 mm are: PneuStep motor (up to 37 W) linear step 0.055 mm [29] , a stiff parallel-link structure, bench tests of motion 0.076 ± 0.035 mm [31] , linear motion in a 7-T MRI scanner 0.047 ± 0.053 mm [31] , motion repeatability 0.060 mm [30] , placing seeds in agar models 0.72 ± 0.36 mm [31] and under 3-T MRI guidance 1.2 mm (SD 0.4 mm) [39] , targeting under 3-T MRI in an animal model with needle accuracy of 2.02 mm (range 0.86-3.18 mm) and seed placement accuracy of 2.50 mm (range 1.45-10.54 mm) [32] , and registration errors of 0.25 mm (SD 0.31 mm) reported herein. The image-to-robot registration markers and the method used are presented in detail together with our know-how derived experimentally. Even though the method is based on the classic image-to-model registration, our implementation is original, simple, and validated.
Even so, in case one, the errors were on the order of 15 mm. A problem that many others also confronted [20] , [46] , [49] , [50] is that needle deflection errors can be sizeable. In our preclinical experiments, where accuracy was good, we used symmetric point (diamond) needles, but for the biopsy trial, most biopsy needles (perhaps all MR types) have asymmetric point (beveled). The beveled surface at the needle point acts like a rudder deflecting the needle laterally during insertion [51] . Depending on numerous factors including the depth of needle insertion, needle gauge, model, and type of tissues, deflections can be significant, for example, 10% of the insertion depth [46] , [51] . This component alone may be sufficiently large to defeat the purpose of the image guidance itself. New needles or steering methods are, therefore, in high demand.
The two needles used were from the same company, one semiand the other fully-automated type. With a semiautomated type, the forward motion of the stylet is manual, while with the fullyautomated type, both the stylet and subsequent barrel motion are spring loaded. In our case, the automated model performed better, but we have no evidence that this was related to the dissimilar automation. So, we have been able to cope with the needle problem by using a different needle model (still beveled) and reducing the effect of needle deflection by rotating [46] , [52] the needle 180°a bout its axis near the middle of the insertion stroke. Alternatively, one could possibly account for needle deflections in the guidance software [20] (even though this depends on the types of tissues) and/or interactively adjust the trajectory [37] . We could have done so, but here we aimed to perform a controlled study on the robot accuracy (straight on target, no variability).
Our robot presents a 5-DoF parallel-link structure to position and orient a needle-guide and a 1-DoF stopper to limit the depth of manual needle insertion. The limiter feature and its arrangement under the sterile bag is novel and reduces the number of sterile components to the needle-guide alone. In most imageguided robots and all four that were used clinically [34] - [37] , the depth was decided by the operator who typically looked up the marks on the needle. This is adequate since accurate control of the needle depth for biopsy is not critical. The length of the biopsy slot (typically 17 mm) is forgiving for errors in depth (perhaps within (17 − 10)/2 = ±3.5 mm). For this most needle targeting studies report the normal plane values alone [36] , [50] . With our actuated limiter, the depth is also very accurately controlled, as shown by the small difference between the accuracies in 3-D (2.97 mm) and normal plane (2.55 mm). The difference is most likely due to needle localization errors caused by the distance between the image slices. The depth automation reduces the workload of the physician and the possibility of errors. Also, the improved depth accuracy could be helpful for other procedures, such as ablations where depth may be critical. Overall, we believe that scaling down from the robotic (of the original MrBot [39] ) to the manual needle insertion, and having the depth of needle insertion limited robotically, have enabled the regulatory approval of the device based on the RHA.
We believe that the achieved MRI-based targeting accuracy of 2.55 mm is outstanding. The only one of the previous four clinical studies that reported targeting errors was with the Innomedic robot [34] . Their median deviation from the needle point to the planned access was 0.9 mm (range, 0.3-1.6 mm). Because this was done with a thicker 15Ga needle with symmetric point, component errors related to the needle were likely smaller, but nevertheless, robotic accuracy was outstanding.
Unlike MRI-TRUS fusion methods, the accuracy of direct MRI-guided biopsy can be quantified, as we report. Fusion methods suffer from the intrinsic inability to verify targeting back in the MRI, since the intervention is not done at the MR scanner. Ideally, with the target being defined in the MRI, targeting verification should be in MRI. Clinical studies to objectively quantify targeting accuracy with fusion methods would be very difficult, and no reports exist to date. In-vitro studies reported that fusion may target clinically significant sized PCa lesions 89% of the time, but >5-mm errors otherwise [50] . Still, numerous clinical trials with the Fusion [7] - [9] have shown improved cancer detection relative to the TRUS-alone biopsy, and the fusion is clearly more accurate than untargeted methods.
The most recent similar direct MRI-guided clinical trial [37] , [38] was performed on a larger population. In this, the clinician often made multiple targeting adjustments before taking a sample. Insertion attempts averaged 1.9 ± 0.7 per biopsy, and the accuracy from the best attempt was 2.39 mm. In our case, no trajectory corrections were made.
The workspace of the robot was sufficient to cover the prostate in all cases. However, to do so, the robot was initially oriented toward the center of the prostate. A larger angular workspace could make the initial positioning of the robot faster (current setup time 8.4 (SD 3.4) min).
Clinically, the main critique of direct MRI-guided methods, at least at this stage of development, is the lengthy procedure time [37] . This is because it collates several procedures that are normally done independently, including the anesthesia and the MRI which is inherently slow. By itself, the biopsy procedure time/site is on the order of 10 min. Moreover, robotic assistance reduces time compared to the manual Direct MRI guided approach [38] .
In trial [37] , the needle-guide was manipulated with 2-DoF of translation and the needle pierced the skin at every biopsy location. Instead the MrBot operated the needle through one small (1 cm) perineal skin incision. With 5-DoF, the needle-guide could be translated in all three directions and angulated. We found these enabling to target all regions of the prostate and avoiding interference with the pubic arch (zero unsuccessful attempts to target a site). The nozzle of the needleguide was placed superficially through the incision. We found that the single central incision was sufficient to slightly shift the needle-guide left and right (∼15 mm) based on the elasticity of the skin. We believe that the incision helped to reduce needle-based targeting errors by avoiding piercing the skin.
In conclusion, we have finally been able to take our MR safe robotic technology to a pilot clinical trial, while adhering to all rigors of the regulatory process in the U.S. A summary of our experience is included herein, hoping that it will help others navigate the regulatory paths. The study demonstrates that accurate MRI-based targeting in the MRI scanner is possible. It also demonstrates that the development of MR safe robots is no longer a technical challenge. Due to regulatory restrictions, the study was limited to safety and feasibility measures. A new study is needed to assess the clinical significance of accurate targeting.
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